INlUlffillllilllPll 

EP 1 295 932 A1 

(12) EUROPEAN PATENT APPLICATION 

(43) Date of publication: ( 51 ) | nt CL 7 C10G 65/04 

26.03.2003 Bulletin 2003/13 

(21) Application number: 02021029.0 



(22) Date of filing: 20.09.2002 



(84) Designated Contracting States: 


• Fernandez, Nancy 


AT BE BG CH CY CZ DE DK EE ES Fl FR GB GR 


Colinas de Bello Monte, Caracas (VE) 


IE IT LI LU MC NL PT SE SK TR 


• Arteca, Rosa 


Designated Extension States: 


Av. Panteon san Jose, Caracas (VE) 


AL LT LV MK RO SI 


• Castillo, Carlos 




San Antonio (VE) 


(30) Priority: 24.09.2001 US 960442 




(71) Applicant: Intevep SA 


(74) Representative: Behrmann, Niels, DipL-lng. etal 


Hiebsch Behrmann 


Caracas 1 010 A (VE) 


Patentanwalte 




Heinrich-Weber-Platz 1 


(72) Inventors: 


78224 Singen (DE) 


• Dassori, Carlos Gustavo 




Los Teques (VE) 





(54) Hydroprocessing process 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(57) A process for hydroprocessing a hydrocarbon 
feed with a known flow rate of hydrogen-containing gas 
and a volume of catalyst, includes the steps of providing 
a hydrocarbon feed having an initial characteristic; feed- 
ing the hydrocarbon feed and a first portion of the hy- 
drogen-containing gas cocurrently to a first hydro- 
processing zone containing a first portion of the catalyst 
so as to provide a first hydrocarbon product; providing 
an additional hydroprocessing zone containing a re- 
mainder of the catalyst: feeding the first hydrocarbon 
product cocurrently with a remainder of the hydrogen- 



containing gas to the additional hydroprocessing zone 
so as to provide a final hydrocarbon product having a 
final characteristic which is improved as compared to 
the initial characteristic, wherein the first portion of the 
hydrogen-containing gas is between about 30 and about 
80 % vol. of the known flow rate of the hydrogen-con- 
taining gas, and the first portion of the catalyst is be- 
tween about 30 and about 70 % wt. of the volume of 
catalyst. 



CM 
CO 

o> 
ir> 

CM 



CL 
LU 



Printed by Jouve, 75001 PARIS (FR) 



BNSDOCID: <EP 1295932 A 1 I > 



EP 1 295 932 A1 

Description 

BACKGROUND OF THE INVENTION 

5 [0001] The Invention relates to a deep hydroprocessing process and, more particularly, to a process for advanta- 
geously removing substantial amounts of contaminant such as sulfur from hydrocarbon feedstocks. 
[0002] A persistent problem in the art of petroleum refining is to reach acceptably low levels of sulfur content and 
other contaminants. 

[0003] A large portion of the world's hydrocarbon reserves contain sulfur, and removal of this sulfur is critical in order 
io to provide acceptable fuels. 

[0004] Government agencies are currently formulating new regulations which will require sulfur content in fuels to 
be substantially lower than current practice. It is expected that such regulations will require sulfur content of less than 
15 wppm. 

[0005] A number of processes have been attempted for use in removing sulfur, one of which is hydrodesulfurization, 
'5 wherein a hydrogen flow is exposed to the feedstock in the presence of a suitable catalyst so that sulfur compounds 
react to produce a volatile product, hydrogen sulfide. 

[0006] Such processes do provide substantial reduction in su Ifur in the feed. However, existing facilities do not readily 
provide for reduction of sulfur content to desired levels. Known hydrodesulfurization methods include cocurrent proc- 
esses, wherein hydrogen and hydrocarbon feed are fed through a reactor or zone in the same direction, and counter- 

20 current processes wherein hydrocarbon is fed in one direction and gas is fed in the other direction. 

[0007] Known cocurrent processes do not provide acceptable levels of sulfur removal for acceptable catalyst vol- 
umes, and countercurrent processes typically experience difficulty in reactor flooding which occurs when the desired 
amount of gas flow to the reactor prevents flow of the hydrocarbon in the counter direction. Reduction of gas flow to 
address flooding reduces the effectiveness of countercurrent hydrodesulfurization processes. 

25 [0008] Another potential problem with countercurrent processes is that adiabatic countercurrent processes may op- 
erate at temperatures much higher than adiabatic cocurrent processes, and this temperature is detrimental to hydrodes- 
ulfurization and other catalysts used in the process. 

[0009] Based upon the foregoing, it is clear that the need remains for an advantageous process for removal of sulfur 
to levels which will meet the expected regulations on hydrocarbons for use as fuel. 
30 [0010] It is therefore the primary object of the present invention to provide a process whereby sulfur content is ad- 
vantageously reduced to less than or equal to about 10 wppm. 

[001 1 ] It is a further object of the present invention to provide a process which can be carried out without substantially 
increasing the equipment size and space occupied by same in current hydrodesulfurization systems. 
[0012] It is another object of the present invention to provide a hydrodesulfurization system which accomplishes the 
35 aforesaid objectives. 

[0013] It is still another object of the present invention to provide a simple processing scheme that improves sulfur 
removal as compared to conventional processes. 

[0014] Other objects and advantages of the present invention will appear hereinbeiow. 
•*0 SUMMARY OF THE INVENTION 

[0015] In accordance with the present invention, the foregoing objects and advantages have been readily attained. 
[0016] In accordance with the invention, a process is provided for hydroprocessing a hydrocarbon feedstock with a 
known flow rate of hydrogen-containing gas and a volume of catalyst, which process comprises the steps of providing 

•** a hydrocarbon feed having an initial characteristic; feeding said hydrocarbon feed and a first portion of said hydrogen- 
containing gas cocurrently to a first hydroprocessing zone containing a first portion of said catalyst so as to provide a 
first hydrocarbon product; providing an additional hydroprocessing zone containing a remainder of said catalyst; feeding 
said first hydrocarbon product cocurrently with a remainder of said hydrogen-containing gas to said additional hydro- 
processing zone so as to provide a final hydrocarbon product having a final characteristic which is improved as com- 

50 pared to said initial characteristic, wherein said first portion of said hydrogen-containing gas is between about 30 and 
about 80% vol. of said known flow rate of said hydrogen-containing gas, and said first portion of said catalyst is between 
about 30 and about 70 % wt. of said volume of catalyst. 

[0017] Still further according to the invention, a system is provided for hydroprocessing a hydrocarbon feed with a 
known flow rate of hydrogen-containing gas and a volume of hydroprocessing catalyst, which system comprises a first 
55 hydroprocessing zone containing a first portion of said hydroprocessing catalyst and having an inlet for cocurrently 
receiving a hydrocarbon feed and a first portion of said known flow rate of hydrogen-containing gas; and an additional 
hydroprocessing zone containing a remainder of said hydroprocessing catalyst and having an inlet for cocurrently 
receiving a hydrocarbon product from said first hydroprocessing zone and a remainder of said hydrogen-containing 
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gas, wherein said first portion of said hydroprocessing catalyst is between about 30 and about 70% wt. of said volume 
of said hydroprocessing catalyst. 

[0018] The process and system of the present invention are particularly well suited for use in treating Diesel, gasoil 
and other distillate feedstocks to reduce sulfur and also for use in treating naphtha and like feedstocks as well, and 
5 provide excellent results as compared to conventional processes using a single reactor zone. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[001 9] A detailed description of preferred embodiments of the present invention follows, with reference to the attached 
w drawings, wherein: 

Figure 1 schematically illustrates a process and system in accordance with the present invention; 
Figure 2 schematically illustrates an alternative embodiment of the process and system in accordance with the 
present invention; 

Figure 3 illustrates the temperature of a process as a function of reactor length for cocurrent and countercurrent 
processes, as well as the process of the present invention; 

Figure 4 illustrates the relationship of sulfur content and relative reactor volume for a process according to the 
present invention and a globally countercurrent process; 

Figure 5 illustrales sullur content as a function of relative reactor volume for processes according to the present 
invention with and without cold separator recycling; 

Figure 6 illustrates the relationship between outlet sulfur content and relative reactor volume for a process accord- 
ing to the present invention, a pure cocurrent process, and a two- reactor inter-stage stripping process; 
Figure 7 illustrates the relationship between outlet sulfur content and relative reactor volume for a process accord- 
ing to the present invention and for a process having different ratio of hydrogen distribution; 
Figure 8 illustrates the relationship between outlet sulfur content and relative reactor volume for a process accord- 
ing to the present invention and for a process having an inverse distribution of catalyst between first and second 
stages; 

Figure 9 illustrates the relationship between dimensionless reactor length and hydrogen partial pressure for a 
process according to the present invention and a pure cocurrent process; 

Figure 1 0 illustrates the relationship between dimensionless reactor length and reactor temperature for a process 
according to the present invention as well as pure cocurrent and pure countercurrent processes; 
Figure 11 illustrates the relationship between outlet sulfur content and relative reactor volume for a process ac- 
cording to the present invention as well as a pure cocurrent and pure countercurrent process; 
Figure 12 schematically illustrates a process and system in accordance with a further embodiment of the present 
invention; 

Figure 13 schematically illustrates an alternative embodiment of the present invention similar to Figure 12; 
Figure 14 graphically illustrates sulfur content in the final product as a function of the percentage of total catalyst 
volume positioned in a first reactor: 

Figure 15 graphically illustrates sulfur content in the final product as a function of the percentage of total hydrogen- 
containing gas feed to a first reactor: 

Figure 1 6 graphically illustrates sulfur content in the final product as a function of total reactor volume for a multiple- 
reactor system and method in accordance with the present invention and a conventional single-reactor system; 
Figure 1 7 graphically illustrates final sulfur content as a function of space velocity (LHSV) for a system and method 
in accordance with the present invention; and 

Figure 18 graphically illustrates final sulfur content as a function of LHSV for a 3-reactor system in accordance 
with the present invention. 

DETAILED DESCRIPTION 

so [0020] Further examples, embodiments, and advantages of the present invention will become apparent from the 
following description as well as from the drawings referenced above. 

[0021] In accordance with the present invention, a hydroprocessing process and system are provided for removal 
of contaminants, especially sulfur from a hydrocarbon feed such as Diesel, gasoil, naphtha and the like. A particularly 
advantageous aspect of the present invention is hydrodesulf urization, and the following detailed description is given 
55 as to a hydrodesulf urization process. 

[0022] The process and system of the present invention advantageously allow for reduction of sulfur content to less 
than or equal to about 50 wppm, more preferably to less than or equal to about 1 0 wppm, which is expected to satisfy 
regulations currently proposed by various Government agencies, without requiring substantial expense for new equip- 
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ment, additional reactors, and the like. 

[0023] In accordance with one aspect of the present invention, a process is provided which combines a single co- 
currently operated hydrodesulfurization reactor with a second stage including a plurality of hydrodesulfurization reactors 
to obtain a desired result. As will be further discussed below, the second stage includes a plurality of additional hy- 

5 drodesuifurization reactors or zones and is operated in a globally countercurrent, yet locally cocurrent, mode. This 
means that when considered on the basis of the reactors overall, the hydrocarbon and hydrogen-containing gas are 
fed in opposite directions. However, each reactor or zone is coupled so as to flow the hydrocarbon and hydrogen- 
containing gas in a cocurrent direction within that reactor, thereby providing the benefits of globally countercurrent flow, 
while avoiding the flooding problems which might be experienced with local countercurrent flow through a reactor or 

10 zone. 

[0024] The reactors within the second stage are arranged such that the hydrocarbon feedstock travels from a first 
reactor to a last or final reactor, and the hydrogen gas phase travels from the last reactor to the first reactor. In the 
following detailed description, the group of reactors that are utilized in the second zone are referred to as including a 
final reactor, from which the finally treated hydrocarbon exits, and upstream reactors which are upstream of the final 
is reactor when taken in connection with the flow of hydrocarbon. Thus, in Figure 1 , reactor 28 is upstream from reactor 
30 when considered in light of the direction of hydrocarbon flow, and in Figure 2, reactor 52 is upstream of reactor 54, 
and reactor 50 is upstream of both reactors 52 and 54, also when considered in connection with the direction of hy- 
drocarbon flow. Thus, as used herein, an upstream reactor is a reactor which is upstream as it relates to hydrocarbon 
flow. 

20 [0025] In accordance with the present invention, the hydrodesulfurization steps to be carried out are accomplished 
by contacting or mixing the hydrocarbon feed containing sulfur with a hydrogen gas-containing phase in the presence 
of a hydrodesulfurization catalyst and at hydrodesulfurization conditions whereby sulfur species within the hydrocarbon 
convert to hydrogen sulfide gas which remains substantially with the hydrogen gas phase upon separation of liquid 
and gas phases. Suitable catalyst for use in hydrodesulfurization processes are well known to a person of ordinary 

25 skill in the art, and selection of the particular catalyst forms no part of the present invention. Of course, such catalysts 
could include a wide variety of hydroprocessing catalysts within the broad scope of the present invention. 
[0026] In connection with the gas phase, suitable gas contains hydrogen as desired for the hydroprocessing reaction. 
This gas may be substantially pure hydrogen or may contain other gases, so long as the desired hydrogen is present 
for the desired reaction. Thus, as used herein, hydrogen-containing gas includes substantially pure hydrogen gas and 

30 other hydrogen-containing streams. 

[0027] Turning now to Figure 1 , a hydrodesulfurization process in accordance with the present invention is schemat- 
ically illustrated. 

[0028] As shown, the process is carried out in a first stage 10 and a second stage 12, so as to provide a final 

hydrocarbon product having acceptably low content of sulfur. 
35 [0029] As shown, first stage 1 0 is carried out utilizing a first reactor 1 4 to which is fed a hydrocarbon feed 1 6 containing 

an initial amount of sulfur. Feed 1 6 is combined with a hydrogen-containing gas 1 8 and fed cocurrently through reactor 

14 such that cocurrent flow of hydrocarbon feed 16 and gas 18 in the presence of hydrodesulfurization catalyst and 

conditions converts sulfur species within the hydrocarbon into hydrogen sulfide within the product 20 of reactor 14. 

Product 20 is fed to a liquid gas separator 22 where a predominately hydrogen and hydrogen sulfide containing gas 
*o phase 24 is separated from an intermediate product 26. Intermediate product 26 has a reduced sulfur content as 

compared to hydrocarbon feed 16. and is fed to second stage 12 in accordance with the present invention for further 

treatment to reduce sulfur content. 

[0030] As shown, second stage 1 2 preferably includes a plurality of additional reactors 28, 30, which are connected 
in series fortreating intermediate product 26 as will be further discussed below. As shown, reactor 28 preferably receives 

^ intermediate hydrocarbon feed 26 which is mixed with a recycled hydrogen gas 31 and fed cocurrently through reactor 
28. Product 32 from reactor 28 is then fed to a liquid gas separator 34 for separation of a predominately hydrogen and 
hydrogen sulfide containing gas phase 36 and a further treated liquid hydrocarbon product 38 having a sulfur content 
still further reduced as compared to intermediate hydrocarbon feed 26. Hydrocarbon feed 38 is then fed to reactor 30, 
combined with an additional hydrogen feed 40 and fed cocurrently with hydrogen feed 40 through reactor 30 to ac- 

50 complish still further hydrodesulfurization and produce a final product 42 which is fed to a separator 44 for separation 
of a gas phase 46 containing hydrogen and hydrogen sulfide as major components, and a final liquid hydrocarbon 
product 48 having substantially reduced sulfur content. 

[0031] In accordance with the present invention, gas phase 46 is recycled for use as recycled gas 31 such that gas 
flowing through the reactors of second stage 12 is globally countercurrent to the flow of hydrocarbon through same. 
55 Considering the flow of hydrocarbon from reactor 28 to reactor 30, it is readily apparent that reactor 28 is an upstream 
reactor and reactor 30 is a final reactor of second stage 1 2. It should of course be appreciated that additional upstream 
reactors could be included in second stage 12 if desired, and that second stage 12 preferably includes at least two 
reactors 28, 30 as shown in the drawings. However, it is a particular advantage of the present invention that excellent 
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results are obtained utilizing the first and second stages as described above with a like number of reactors as are 
currently used in conventional processes, thereby avoiding the need for additional equipment and space. 
[0032J It should also be appreciated that although Figure 1 shows reactors 14, 28 and 30 as separate and discrete 
reactors, the process of the present invention could likewise be carried out by defining different zones within a collec- 
5 tively arranged reactor, so long as the zones are operated with flow of feed and gas as described above for the first 
and second stages, with local cocurrent flow through each zone of both stages and globally countercurrent flow through 
the at least two zones of second stage 12. 

[0033] Turning now to Figure 2, a further embodiment of the present invention is illustrated. 

[0034J As shown, first stage 1 0 includes a single reactor 14 in similar fashion to the embodiment of Figure 1 . 

10 [0035] Second stage 12 in this embodiment includes reactors 50, 52, and 54, and each reactor is operated in a 
similar fashion to the second stage reactors of the embodiment of Figure 1 so as to provide a single cocurrent stage 
in first stage 10 and a globally countercurrent, locally cocurrent process in second stage 12. Thus, feed 56 and fresh 
hydrogen-containing gas 58 are fed cocurrently to reactor 14 so as to produce product 60 which is fed to separator 62 
to produce an intermediate liquid hydrocarbon product 64 and gas phase 66 containing hydrogen and hydrogen sulfide 

is as major components. Intermediate hydrocarbon product 64 is then fed to second stage 12, where it is mixed with 
recycled gas 68 and fed cocurrently through reactor 50 to produce product 70 which is fed to separator 72. Separator 
72 separates a further intermediate liquid hydrocarbon product 74 and a gas phase 76 containing hydrogen and hy- 
drogen sulfide as major components. 

[0036] Inlermediale hydrocarbon product 74 is then combined with recycled hydrogen 78 and fed to reactor 52, 
20 cocurrently so as to produce a further intermediate product 80 which is fed to separator 82 for separation of a further 
liquid hydrocarbon feed 84 and a gas phase 86 containing hydrogen and hydrogen sulfide as major components which 
are advantageously fed to upstream reactor 50 as recycled gas 68. Hydrocarbon product 84 is then advantageously 
combined with a fresh hydrogen feed 88 and fed to last reactor 54, cocurrently, for further hydrodesulfurization so as 
to provide product 90 which is fed to separator 92 for separation of hydrocarbon liquid phase 94 and gas phase 96 
25 containing hydrogen and hydrogen sulfide as major components. Advantageously, gas phase 96 is fed to upstream 
reactor 52 and recycled as recycled gas 78 for use in that process, while liquid phase 94 can be treated as a final 
product, or alternatively can be treated further as discussed below. 

[0037] In accordance with the present invention, a hydrodesulfurization catalyst is present in each reactor, and each 
successive hydrocarbon product has a sulfur content reduced as compared to the upstream hydrocarbon feed. Further, 
30 the final hydrocarbon product has a final sulfur content which is substantially reduced as compared to the initial feed, 
and which is advantageously less than or equal to about 10 wppm so as to be acceptable under new regulations from 
various Government agencies. 

[0038] Further, it should be readily apparent that second stage 12 of the embodiment of Figure 2 is globally coun- 
tercurrent, as with the embodiment of Figure 1 . Specifically, hydrocarbon is fed from reactor 50 to reactor 52 and finally 
35 to final reactor 54, while gas phase is fed from reactor 54 to reactor 52 and finally to reactor 50. This provides for the 
advantages of a globally countercurrent process, while avoiding flooding problems which could occur with locally coun- 
tercurrent processes. 

[0039] Still referring to Figure 2, it may be desirable to feed gas phases 66 and 76 to a low temperature separator 
98 which operates to remove volatile hydrocarbon product 100, which can be recycled back as additional feed 56 for 
•*o further treatment in accordance with the process of the present invention, with a purge stream 1 01 also as shown. Low 
temperature separator 98 also separates a gas phase 1 02 which can advantageously be mixed with final product 94 
and fed to a final separator 1 04 so as to obtain a further treated final hydrocarbon product 1 06 and a final gas phase 
108 containing hydrogen and the bulk of removed sulfur. Product 106 can be further treated for enhancing various 
desired qualities as a hydrocarbon fuel, or can be utilized as hydrocarbon fuel without further treatment, since the sulfur 
content has been advantageously reduced to acceptable levels. 

[0040] Final gas phase 1 08 can advantageously be fed to a stripper or other suitable unit for removal of hydrogen 
sulfide to provide additional fresh hydrogen for use as hydrogen feeds 58 or 88 in accordance with the process of the 
present invention. 

[0041] It should readily be appreciated that Figures 1 and 2 further illustrate a system for carrying out the process 

50 in accordance with the present invention. 

[0042] Typical feed for the process of the present invention includes Diesel, gasoil and naphtha feeds and the like. 
Such food will have an unacccptably high sulfur content, typically greater than or equal to about 1 .5% wt. wppm. The 
feed and total hydrogen are preferably fed to the system at a global ratio of gas to feed of between about 1 00 scfb and 
about 4000 scfb (std. cubic feet/barrel). Further, each reactor may suitably be operated at a temperature of between 

55 about 250°C and about 420°C, and a pressure of between about 400 psi and about 1800 psi. 

[0043] In accordance with the present invention, it should readily be appreciated that catalyst volume and gas streams 
are distributed between the first zone and the second zone. In accordance with the present invention, the most suitable 
distribution of gas catalyst is determined utilizing an optimization process. It is preferred, however, that the total catalyst 
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thi ^nn h < , 1 T firSt Z ° ne thS S6C0nd ZOne With be,ween about 20 a " d about 80% volume of 

the catalyst in the first zone and between about 80 and about 20% volume of the oatalyst in the second zone Further 

a d rather Son iTf TT "V? ,0 °' ,he p — nt inventi0n one P° rtio " * ^ - 

th h ! P ? *° the f mal r6aCt0r °' the Second zone 11 is P re,erred between about 20 and 70% volume of 
the total hydrogen for the reaction be fed to the first zone, with the balance being fed to the final reactor of the second 

SvlJLt°^« T 33 ^ S h y drodesulfuriza tion processes, the hydrodesulfurization catalyst will grad- 
ually lose effectiveness over time, and this can be advantageously countered in the process of the present invention 

00451 T^TZ m flT™. aSS ° Ciated With f l0 ° ding and ,he like in ,oca,| y countercurrent processes. 
[0045] I should also be appreciated that the process of the present invention can advantageously be used to reduce 

ZlZT 7 feSd ' ,n SUCh Pr ° CeSSeS ' ""^ would ad vantageous.y be *LJ£E£££ 
rather than separators, so as to condense the reduced su.fur naphtha hydrocarbon product while maintaining he qa 

T^°TT 9 y r ° 9 r hydr ° 9en SU ' fidS 38 maj ° r C ° m P° nents - When ole « ns « become a ger tha 
5 /„ wt the condenser temperature of the first unit after the first reactor can be adjusted so that major I qhfole ins 
leave tne system with tne gas pnase contajnjng hydrogen gnd all other respe^Tis eXodten 

SLJS/T mVen " 0n W '" fUnCt '° n ' n the Same manner as that descr,bed in <~«on with Figures and 2 
Eon ^ t0 , R9Ure 3 ' 3nd 88 S6t ,0rth ab ° Ve ' the pr0C6SS 01 me P resent comwn „g n a hybrid 

advantageously provides for operation of the reactors at reduced temperatures as compared to countercurrem p oc 
for 9 r Strat6S temperature as a functi °n °« dimensionless reactor .ength J a typical cocuTent process 

LtureTnrrn Pr0CeSS ' and 9 hVbrid Pr ° CeSS " aCC ° rdanCe With the As shown Z Z 

pera ure in the countercurrent process is substantially higherthan the hybrid process of the present invention wTtnT* 
result that the cata.yst of the hybrid process of the present invention is subjected to llt^^S^ 

[0047] In accordance with the present invention, improved results are obtained using the same amounts of catalvst 

It ,h p r h 9 H n ^ a f COn ;. er ! i0nal C0Untercurrent ° r c °~ process. In accordance with the presen. Tven^n tot 
ever the hydrogen eed ,s divided into a first portion fed to the first stage and a second portion fed to the s^on steSe 

ale It t 7 * alS ° diVidSd b6,Ween * he ,irSt Sta9e and S6COnd *5* -e operated aTdtuSed 
above, so as to provide improved hydrodesulfurization as desired o.scussea 

LTn.L^nh f ° rth ab0Ve ' on <f Particulariy advantageous hydrocarbon feed with which the process of the present 

[0049] The gasoil may suitably be a vacuum gasoil (VGO) an example of which is described in Table 1 below. 

TABLE 1 



API gravity (60°C) 


17.3 


Molecular weight (g/mol) 


418 


Sulfur content, %wt 


2 


Simulated Distillation (°C) 




IBP/5 ; %v 


236/366 


10/20. %v 


392/413 


30/50 ; %v 


431/454 


70/80, %v 


484/501 


90/95, %v 


522/539 


FBP 


582 



55 



onh.nl SU f I ,0Ck ' eas y ,0 - react < ETR > sul,ur compounds would be, for example, 1-butylphenantrothi- 
ophene. When contacted with hydrogen at suitable conditions, this sulfur compound reacts with the hToaenToTomi 

TnToZT" tS bUty,phenamrene - A <*>™ «o-react (DTR) suffer compound ZSXXSSS- 
ibenzolhiophene. When contacted with hydrogen gas under suitable conditions, this reacts to form hydrogen su nde 
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and heptylbiphenyl. 

[0051] In accordance with a further aspect of the present invention, an alternate processing scheme and method are 
provided as illustrated in Figure 12. In accordance with this aspect of the present invention, it has been found that 
through utilization of multiple reactors, with distribution of a portion of catalyst in each reactor and a portion of total 

5 hydrogen-containing gas flow rate to each reactor, sulfur reduction is improved drastically as compared to feed of the 
same amount of materials including the same amount of catalyst to a single reactor having the same volume. 
[0052] Figure 1 2 shows a system in accordance with this aspect of the present invention, and including a first reactor 
or hydroprocessing zone 110 and an additional or second hydroprocessing reactor or zone 112. A suitable sulfur- 
containing feedstock or other feed in need of hydroprocessing is provided from a source as shown at 11 4, and is fed 

10 to first zone 110 cocurrently with a first portion 116 of the total desired gas flow rate. A first hydrocarbon product 118 
results, and is fed to a separator 120 for separating a gas phase 122 containing hydrogen and hydrogen sulfide, and 
a liquid phase 1 24 containing liquid hydrocarbons treated in first zone 1 1 0. Liquid phase 1 24 is advantageously fed to 
second zone 112 cocurrently with a remainder portion 1 26 of total desired gas flow so as to produce a product stream 
128 which is advantageously fed to a separator 130 to separate a further gas phase 132 containing hydrogen and 

i5 hydrogen sulfide gases and a further liquid phase 134 containing further-treated hydrocarbons. If desired, liquid phase 
134 can be fed to a further separator 136 as shown so as to complete separation of the upgraded hydrocarbon stream 
and obtain the desired hydrocarbon fraction as a final or intermediate product 137 containing reduced sulfur content. 
[0053] Still referring to Figure 12, gas phase 1 22 separated at separator 1 20 can advantageously be fed to a further 
separator 138 : as can gas phase 132 from separator 130, so as to separate out any remaining liquid hydrocarbon 

?o feedstock as a liquid phase 1 40 which can advantageously be recycled back to feed 1 1 4 for further treatment in zones 
110. 112. A gas phase 142 from further separator 138 can advantageously be recycled for further use as hydrogen- 
containing gas, and/or can be fed to further separator 136 along with liquid phase 134 for still further separation of a 
gas phase 139 and the treated liquid hydrocarbon phase 137. 

[0054] Still referring to Figure 12, first zone 110 and second zone 112 are advantageously provided with hydro- 
processing catalyst, with a first portion of hydroprocessing catalyst being positioned in first zone 110, and a remainder 
portion of hydroprocessing catalyst being positioned in second zone 112. Most preferably, first zone 110 contains 
between about 30 and about 70% wt. of the total volume of hydroprocessing catalyst, while second zone 1 12 contains 
the remainder and first portion 1 1 6 of hydrogen-containing gas preferably includes between about 30 and about 80 % 
vol. of the total gas flow rate to zones 110, 112, with the remainder of gas being fed to second zone 112. Suitable 
30 hydroprocessing catalysts include but are not limited to hydrodesulfurization, hydrogenation, hydrocracking, isomeri- 
zation. hydrodenitrogenation and the like. The hydrogen-containing gas may be hydrogen or a mixture of gases in- 
cluding hydrogen. 

[0055] The embodiment of the present invention as illustrated in Figure 12, which is referred to herein as a cross 
flow embodiment advantageously provides for substantially improved sulfur removal as compared to a conventional 

35 process utilizing a single reactor having the same reactor volume as zones 110, 112 combined, and containing the 
same total amount of catalyst with the same total amount of gas flow. This is particularly advantageous in providing 
for an extremely simple process and system, which can be operated using the same amount of catalyst and gas, and 
substantially the same amount of reactor space, and which provides excellent sulfur removal as desired. 
[0056] In accordance with this embodiment of the present invention, separators 120, 130 can advantageously be 

■to any conventional type of separator, such as flash drums, while further separator 136 and further separator 138 may 
also advantageously be a flash drum. Also, an internal tray within the reactor can be used to provide separator integrated 
with the reactor unit. 

[0057] In further accordance with the present invention as illustrated in Figure 12, it has been found that second 
zone 112 is advantageously provided as at least one, and preferably a plurality of separate and serially arranged 
-*5 reactors or /ones, each containing a portion of the remainder of catalyst volume to be used, and each being fed with 
a portion of the remainder flow rate of hydrogen-containing gas phase. 

[0058] Figure 1 3 illustrates an embodiment in accordance with this aspect of the present invention utilizing a total of 
three reactors including a first reactor or zone 110 and a second zone 112 containing two reactors or zones 144, 146. 
In accordance with this aspect of the present invention, feed 1 1 4 is first fed to first zone 1 1 0 so as to produce hydrocarbon 

50 product 1 1 8 which is fed to separator 1 48 to produce gas phase 1 50 and liquid phase 1 52. Liquid phase 1 52 is advan- 
tageously fed to first reactor 144 of second zone 112 so as to produce an intermediate hydrocarbon stream 1 54 which 
is then advantageously fed to separator 156 so as to produce a gas phase 158 and a liquid phase 160. Liquid phase 
1 60 is advantageously then fed to second reactor 1 46 of second zone 1 1 2 so as to produce a final hydrocarbon stream 
162 which can be fed to separator 164 so as to produce a gas phase 166 and liquid hydrocarbon phase 168. Liquid 

55 phase 168 advantageously has, in accordance with the present invention, a substantially improved characteristic, 
preferably substantially reduced sulfur content, as desired in accordance with the present invention. Liquid phase 168 
can itself be used as final product, or can be fed to additional treatment stages such as further separator 1 70 or other 
processing steps as desired. 
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[0059] Still referring to Figure 13, the total gas flow is shown at 172, and is divided into a first portion 174 which is 
fed cocurrently with feed 114 to first zone 110as shown. Remainder176 oftotal gas flow 172 is then distributed between 
reactors 144, 146 as shown, cocurrently with liquid phases 152, 160 respectively. 

[0060] Further, a suitable hydroprocessing catalyst preferably a hydrodesulfurization catalyst, is distributed over 
5 zones 110, 144, 146, with a first portion in first zone 110, and a remainder portion distributed over zones 144, 146. In 
accordance with the present invention , gas is preferably fed to zones 110, 144, 146 such that first portion 1 74 is between 
about 30 and about 80% vol. of total gas flow 1 72, and remainder portion 1 76 is distributed, preferably equally, between 
zones 1 44, 146. Further, the total catalyst volume is preferably distributed such that a first portion of catalyst, between 
about 30 and about 70 % wt. of the total catalyst volume, is disposed in first zone 110, and the remainder is disposed 
10 in zones 144, 146, preferably equally disposed therein. 

[0061] The cross flow systems and processes as illustrated in Figures 12 and 13 advantageously provides for sim- 
plified flow schemes that nevertheless result in substantially reduced sulfur content in the final treated product as 
compared to conventional systems using a single reactor. 

[0062] It should of course be appreciated that although portions of the above descriptions are given in terms of 
is hydrodesulfurization processes, the hybrid and cross flow processes of the present invention are readily applicable to 
other hydroprocessing systems, and can advantageously be used to improve hydroprocessing efficiency in various 
different processes while reducing problems routinely encountered in the art. 

Example 1 

20 

[0063] A VGO feed as described in Table 1 was used with a series of different hydrodesulfurization processes, and 
conversion of sulfur compounds and sulfur in the final product were modeled for each case. The results are set forth 
in Table 2 below. 



25 TABLE 2 



30 



35 



CASE 


VGO Flow 
rate 


Gas Flow rate 


CONVERSION % 


%S (wt.) 


REACTOR 
VOLUME 


LHSV 


(BBL/D) 


Nm 3 /h 


C 4 FT< ETR > 


C 6 DBTPTR) 


OUTLET 


(m 3 ) 


(h" 1 ) 


CASE 1 


2000 


35162 


94.14 


75.74 


0.19 


322 L=28 m 


0.4 


CASE 2 


20000 


35162 


• 98.79 


98.37 


0.0256 


322 R1=R2=... 
=Rn L=28 m 
n=20 


0.4 


CASE 3 


20000 


35162 


99.3 


95.9 


0.0271 


322 L=28 
R1=R2=R3 


0.4 


CASE 4 


20000 


35162 


98.99 


90.259 


0.053 


322 L-28 
R1=R2 


0.4 


CASE 5 


20000 


First 26371.5 
Last 8790.5 


99.8 


97 


0.016 


322 L=28 m 

R=60%L 
R2=R3=20%L 


0.4 


CASE 6 


20000 


First 26371.5 
Last 8790.5 


99.93 


99.5 


0.00317 


483 


0.27 


CASE 7 


20000 


35162 


99.9 


99.2 


0.00313 


L=133m 1508 


0.09 


CASE 8 


20000 


First 26371.5 
Last 8790.5 


99.9 


99.7 


0.0021 


962 


0.14 


CASE 9 


20000 


35162 


99.9 


96.4 


0.0162 


962 

R1,L=28m, 
D=3.8, R2,L- 

20.86m, 

D=4.42m, 
R2,L=20.86m, 

D=4.42m 


0.14 
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TABLE 2 (continued) 





CASE 


VGO Flow 
rate 


Gas Flow rate 


CONVERSION % 


%S (wt.) 


REACTOR 
VOLUME 


LHSV 


5 




(BBL/D) 


Nm 3 /h 


C 4 FT< ETR > 


C 6 DBT( DTR > 


OUTLET 


(m 3 ) 


(h' 1 ) 


10 


CASE 10 


20000 


35162 


99.9 


99.5 


0.00312 


962 
R1,L=28m, 
D=3.8, 
R2 > L=20.86m, 

D=4.42m, 
R2,L=20.86m, 
D=4.42m 


0.14 



15 where D = diameter; 

R - length of reactor; and 
L = total length. 



[0064] in Table 2, cases 5, 6 and 8 are carried out in accordance with the process of the present invention. For 
20 comparison purposes, cases 1 and 7 were carried out utilizing a single reactor through which were fed, cocurrently, 
VGO and hydrogen. 

[0065] Case 2 was carried out utilizing 20 reactors arranged for globally countercurrent and locally cocurrent flow 
as illustrated in the second stage portion of Figure 1 . 

[0066] Cases 3 and 10 were also carried out utilizing globally countercurrent and locally cocurrent flow as in stage 
25 2 alone of Figure 1 . 

[0067] Case 4 was carried out utilizing two reactors with an intermediate hydrogen sulfide separation stage, and 
case 9 was carried out utilizing pure cocurrent flow, globally and locally, through three reactors. 
[0068] At the flow rates shown, results were modeled and are set forth in Table 2. 

[0069] Cases 1 -5 were all carried out utilizing reactors having a volume of 322m 3 ' and at the same VGO and gas 
30 flow rates. As shown, case 5, utilizing the two stage hybrid process of the present invention, provided the best results 
in terms of conversion of sulfur compounds and sulfur remaining in the final product. Further, this substantial improve- 
ment in hydrodesulfurization was obtained utilizing the same reactor volume, and could be incorporated into an existing 
facility utilizing any configuration of cases 1-4 without substantially increasing the area occupied by the reactors. 
[0070] Case 6 in Table 2 shows that by reasonable increase in reactor volume, still further advantageous results can 
35 be obtained in accordance with the process of the present invention, and final sulfur content would satisfy the strictest 
of expected regulations in connection with maximum sulfur content, and this is accomplished through only a small 
increase in reactor volume. 

[0071 ] Case 7 of Table 2 shows that in order to accomplish similar sulfur content results to case 6, a single reactor 
operated in a single cocurrent conventional process would require almost 4 times the reactor volume as case 6 in 
40 accordance with the process of the present invention. 

[0072] Cases 8. 9 and 1 0 are modeled for a reactor having a volume of 962m 3 , and the hybrid process of Ihe present 
invention (Case 8) clearly shows the best results as compared to Cases 9 and 10. 

[0073] In accordance with the foregoing, it should be readily apparent that the process of the present invention is 
advantageous over numerous alternative configurations. 

45 

Example 2 

[0074] In this example, a Diesel feed was treated utilizing several different process schemes, and sulfur compound 
conversion and sulfur content in the final product were calculated. The Diesel for this example had characteristics as 
so follows: 



Diesel 




API 


= 27 


MW 


= 213 


Sulfur 


- 1.10%wt 
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(continued) 



5 



10 



15 



Diesel 








Simulated Distillation(°C) 




IBP-5 


177/209 


10-20 


226/250 


30-40 


268/281 


50-60 


294/308 


70-80 


323/339 


90-95 


357/371 


FBP 


399 



[0075] Table 3 below sets forth the process conditions and results of each case. 



TABLE 3 



30 



35 



CASE 


Diesel 
Flow rate 
(BBL/D) 


Gas Flow 
rate Nm 3 / 
h 


CONVERSION 
EDBT(ETR) 


DMDBT(DTR) 


%S (wt) 
OUTLET 


REACTOR 
VOLUME (rri3) 


LHSV 
(h-i) 


CASE 1 


35000 


24039 


96.5 


81 6 


0.072 


370 L=35m 


0.63 


CASE 2 


35000 


24039 


93.72 


93.44 


0.07 


370 R1-R2... 
=Rn L=35m 
n=20 


0.63 


CASE 3 


35000 


First 
18029 
Last 6010 


99.28 


96.8 


0.0135 


370 L=35m 

R1=60%L 

R2=R3=20%L 


0.63 


CASE 4 


35000 


24039 


96.52 


81.6 


0.072 


370 L=35m 


0.63 


CASE 5 


72000 


First 
37097 
Last 
12366 


96.08 


82.53 


0.074 


370 L=35m 


1.3 



40 [0076] Case 1 of Table 3 was carried out by cocurrently feeding a Diesel and hydrogen feed through a single reactor 
having tnc shown lengtn and volume. 

[0077] Case 2 whs carried out feeding Diesel and hydrogen globally counlercurrenlly, and locally cocurrently, through 
20 reactors having the same total length and volume as in Case 1 . 

[0078] Case 3 was carried out in accordance with the process of the present invention, utilizing a first single reactor 
45 stage and a second stage having two additional reactors operated globally countercurrently and locally cocurrently, 
with the gas flow rale split as illustrated in Table 3. As shown, the process in accordance with the present invention 
(Case 3) clearly performs better than Cases 1 and 2 for sulfur compound conversion and final sulfur content while 
utilising a reactor system having the same volume. Case 4 is the same as Case 1 and is presented for comparison to 
Case 5 wherein a process in accordance with the present invention was operated to obtain the same sulfur content 
so from the same reactor volume as the conventional scheme for process so as to illustrate the potential increase in 
reactor capacily by utilizing the process of the present invention. By adjusting the process to obtain substantially the 
same final sulfur content, the same reactcr volume is able to provide more than double the Diesel treatment capacity 
as compared to the conventional process. 

55 Example 3 

[0079] In this example, a process in accordance with the present invention was compared to a globally countercurrent 
and locally cocurrent process. Each process was utilized having 4 reactors with the same catalyst, a Diesel feed, and 
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operating at a temperature of 320°C, a pressure of 478 psi, and a ratio of hydrogen to feed of 104 Nm 3 /m 3 - Figure 4 
shows the results in terms of sulfur content in the final product as a function of relative reactor volume. As shown, the 
hybrid process of the present invention provides substantially improved results. 

5 Example 4 

[0080] In this example, two processes were evaluated. The first was a process in accordance with a preferred em- 
bodiment of the present invention wherein cold separators were positioned after each reactor for recycling condensed 
vapors. For the same reactors, feed, temperature, pressure and hydrogen/feed ratio, Figure 5 illustrates the relation 
io between final sulfur content and relative reactor volume for a process in accordance with the present invention using 
cold separators (curve 1 ), as compared to a process in accordance with the present invention without cold separators 
(curve 2). As shown, the use of cold separators provides additional benefit in reducing the final sulfur content by allowing 
sufficient hydrodesulfurization of all sutfur species, even those that go into the gas phase. 

is Example 5 

[0081 ] In this example, a comparison is presented showing final sulfur content as a function of relative reactor volume 
for a conventional cocurrent process, for a two-stage process using an inter-stage stripper, and for a process in ac- 
cordance with the present invention. The feedstock, temperature, pressure and hydrogen/feed ratio were maintained 
20 the same, and the results are illustrated in Figure 6. As shown, the process of the present invention provides better 
results in terms of final sulfur content than either of the other two processes. 

Example 6 

25 [0082] In this example, the importance of the proper distribution of hydrogen feed to the first stage and second stage 
in the process of the present invention is demonstrated. 

[0083] An example is provided to evaluate hydrogen distribution using a hydrogen feed of 50% to the first stage, and 
a hydrogen feed of 50% to the last reactor of the second stage. This was compared to a case run using the same 
equipment and total gas volume, with an 80% feed to the first stage and a 20% feed to the second stage. 
30 [0084] Figure 7 shows the results in terms of outlet sulfur content as a function of relative reactor volume for the 
process in accordance with the present invention and for the 80/20 hydrogen distribution. As shown, in this instance 
the 50/50 distribution provides better results. 

Example 7 

35 

[0085] In this example, the importance of the distribution of catalyst between the first and second stages is illustrated. 
A four reactor setup in accordance with the present invention, with one reactor in the first stage and three reactors 
operated globally countercurrent and locally cocurrent in the second stage was used. In one evaluation according to 
the present invention, 30% of the total catalyst volume was positioned in the first reactor and 70% of the total catalyst 
40 volume was divided equally among the three reactors of the second stage. 

[0086] For comparison, the same system was operated providing 70% of total catalyst volume in the first stage, and 
30% of catalyst volume in the second stage. 

[0087] Figure 8 shows the results in terms of sulfur content as a function of relative reactor volume for the 30/70 
process of the present invention as compared to the 70/30 process. As shown, the process of the present invention 
^5 provides significantly better results. 

Example 8 

[0088] In this example, the hydrogen partial pressure was evaluated, as a function of dimensionless reactor length, 
50 for a process in accordance with the present invention and for a pure cocurrent process. 

[0089] Figure 9 shows the results of this evaluation, and shows that the process in accordance with the present 
invention provides for significantly increased hydrogen partial pressure at the end of the reactor, which is desirable. 
This provides for higher hydrogen partial pressures so as to provide reacting conditions that are most suited for reacting 
the most difficult-to-react sulfur species, thereby providing conditions for enhanced hydrodesulfurization, particularly 
55 as compared to the pure cocurrent case. 
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Example 9 

[0090J In this example, a comparison is provided for temperature as a function of dimensionless reactor length for 
a pure cocurrent process, a pure countercurrent process and the hybrid process of the present invention. 

5 [0091] For the same reactor volume, catalyst volume and hydrogen/feed ratio, Figure 10 shows the resulting tem- 
peratures over dimensionless reactor length. As shown, the countercurrent process has the highest temperatures. 
Further, the hybrid process of the present invention is quite similar in temperature profile to that of the pure cocurrent 
process, with the exception that there is a slight decrease in temperature toward the reactor outlet. 
[0092] This is beneficial since the higher temperatures, particularly those experienced with countercurrent process, 

10 serve to accelerate catalyst deactivation. 

Example 10 

[0093] In this example, the sulfur content as a function of relative reactor volume was evaluated for a process in 
*5 , accordance with the present invention, a pure cocurrent process and a globally countercurrent process for a VGO 
feedstock with a process using a four-reactor train, with the same feedstock, and a temperature of 340°C, a pressure 
of 760 psi and a hydrogen/feed ratio of 273 Nm 3 /m 3 . Figure 11 shows the results of this evaluation, and shows that 
the process of the present invention performs substantially better than the pure cocurrent and pure countercurrent 
processes, especially in the range of resulting sulfur content which is less than 50 wppm. 

20 

Examples 11-14 

[0094] The following Examples 11 through 14 demonstrate excellent results obtained using a system as illustrated 
in Figure 12 as compared to conventional systems. 
25 [0095] In Examples 1 1 -14 to follow, the feedstock used had characteristics as set forth below in Table 4 



TABLE 4 



30 



API gravity 


33 


Sulfur 


0.63 wt% 


Aromatics 


31.9 wt% 


Distillation ASTM D86 (%V, °F) 


(IBP.1 1 1 )/(5,268)/( 10,359)/ (20,408)/(30,457)/(50,51 4)/ (20,408)/(30,457)/ 
(50,514)/ (70,566)/(80,602)/(90,636)/ (95 ; 653)/(FBP, 673) 



35 

The total sulfur content in this feedstock was represented by two different sulfur species, one of which was an easy- 
to-react species comprising 80% molar of total sulfur, and the other being a difficult-to-react species presenting 20% 
molar of the total sulfur species. 

40 Example 11 

[0096] In this example, a system and process as illustrated in Figure 12, having two reactors (R1 andR2), and having 
total catalyst volume in a fixed amount, was evaluated while varying the relative distribution of hydrodesulfurization 
catalyst between the first and second reactors. The other parameters of interest were fixed as shown in Table 5 below. 

45 



TABLE 5 



Temperature (inlet) 


650 ft F 


Pressure 


600 psi 


Diameter of each reactor 


10 ft 


Total length of the reactors R1+R2 


50 ft 


Total volume of catalyst 


3927 ft3 


Hydrogen flow rate to R1 


1000 kmol/h 


Hydrogen flow rate to R2 


200 kmol/h 


Feedstock 


32000 b/d 
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TABLE 5 (continued) 



Space velocity 


1.9 rr 1 


Inlet H^feedstock 


753 scfb 



[0097] The amount of catalyst in the first reactor (R1 ) was varied between 30% and 60% of the total catalyst volume, 
and Figure 14 shows sulfur in the final product as a function of this variance in catalyst distribution. As shown, the best 
results are obtained with between about 30% and about 50% the catalyst in the first reactor (R1), especially with 
between about 35% and 40% of the catalyst in the first reactor. 

w 

Example 12 

[0098] For the same scheme as illustrated in Figure 12, this example was run to demonstrate the advantageous 
hydrogen-containing gas distribution in accordance with the present invention. In this example, hyrodesulfurization 
catalyst distribution was fixed between the first reactor (R1) and second reactor (R2) at 50% in the first reactor, and 
the amount of hydrogen fed to the first reactor was varied between 50% and 95% by volume. No recycle stream to the 
first reactor was used. All other parameters were fixed as set forth in Table 6 below. 



TABLE 6 



Temperature (inlet) 


650 °F 


Pressure 


600 psi 


Diameter of each reactor 


10ft 


Length of reactor R1 


20 ft 


Length of reactor R2 


20 ft 


Total volume of catalyst 


3142 ft 3 


Total hydrogen flow rate 


1200 kmol/h 


Feedstock 


32000 b/d 


Space velocity 


2.4 h* 1 


In lei H 2 /feedstock 


753 scfb 



35 

[0099] Figure 15 sets forth the relationship between final sulfur content in ppm for the different hydrogen gas distri- 
bution to the first reactor. As shown, the best results for this case were obtained with hydrogen feed to the first reactor 
of at least about 60% volume, and particularly desirable results were obtained using a hydrogen feed to the first reactor 
of between about 50% and about 70% of the total volume feed. 

40 

Example 13 

[0100] In this example, a two-reactor system as illustrated in Figure 12 was evaluated with the same catalyst at fixed 
catalyst distribution (50%-50%), and fixed total hydrogen flow distribution over the two reactors, while all other param- 
45 eters of interest were fixed as set forth in Table 7 below. 



TABLE 7 



Temperature (inlet) 


650 °F 


Pressure 


600 psi 


Diameter of each reactor 


10ft 


% of catalyst in Reactor R1 


50% 


Hydrogen flow rate to R1 


1000 kmol/h 


Hydrogen flow rate to R2 


350 kmol/h 


Feedstock 


32,000 b/d 
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TABLE 7 (continued) 



Space velocity 


1.3-3.4 h* 1 


Inlet Hg/feedstock 


847 scfb 



[0101] For comparison purposes, the same amounts of catalyst and hydrogen were used in a single-reactor scheme, 
and the cross flow and conventional schemes were used at varied amounts of total catalyst volume. The catalyst 
volume was varied between 2,200 ft 3 and 5,800 ft 3 , and final sulfur content was measured. Figure 16 shows results 
in terms of final sulfur content for the cross flow system in accordance with the present invention as compared to the 
equivalent-volume conventional reactor, and shows dramatically improved results using the cross flow system of the 
present invention. 

Example 14 

[0102] In this example, a two-reactor cross flow scheme as illustrated in Figure 12 was evaluated using three different 
total reactor lengths so as to evaluate the process at three different space velocities. For each space velocity, with the 
same catalyst distribution of hydrogen and catalyst was varied so as to demonstrate the preferred distributions in 
accordance with the present invention. 

[0103] The fixed parameters for this example are as set forth in Table 8 below. 



TABLE 8 



Temperature (inlet) 


650 °F 


Pressure 


600 psi 


Diameter of each reactor 


10ft 


Total hydrogen flow rate 


1120 kmol/h (700 scfb) 


Feedstock rate 


32,000 b/d 



30 

[01 04] The values of space velocity and total reactor length/total catalyst volume which establish same are set forth 
in Table 9 below. 



TABLE 9 



LHSV (rr 1 ) 


Total reactor length (ft) 


Total catalyst volume (ft 3 ) 


1.9 


50.2 


3943 


2.1 


45.4 


3566 


2.5 


38.1 


2992 



[0105] Table 10 below sets forth the best results obtained for each space velocity and the hydrogen and catalyst 
distributions which provided same. 



TABLE 10 



LHSV (rr 1 ) 


S in product (wppm) 


H 2 to R1 (%) 


H 2 to R2 (%) 


Catalyst in R1 (%) 


Catalyst in R2 (%) 


1.9 


5.5 


89.8 


10.2 


40.8 


59.2 


2.1 


11.9 


90.0 


10.0 


40.9 


59.1 


2.5 


36.1 


91 .0 


9.0 


39.8 


60.2 



[01 06] Figure 1 7 also sets forth the final sulfur content for each space velocity. Furthermore, for comparison purposes, 
a conventional system using a single reactor was operated at each of the same space velocities and using the same 
total volume of catalyst and hydrogen flow, and final sulfur content (wppm) was determined. Table 1 1 below sets forth 
the results along with the results as illustrated in Figure 17 for comparison purposes. 



15 



20 
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TABLE 11 



LHSV (h-1) 


S in product (wppm) Crossflow 


S in product (wppm) "conventional - 


1.9 


5.5 


133 


2.1 


11.9 


188 


2.5 


36.1 


323 



w [0107] As shown, the process of the present invention provided for significantly improved results as compared to 
conventional single-reactor processes. 

Example 15 

15 [01 08J This example demonstrates the advantageous results obtained using a system in accordance with the present 
invention having three reactors in a cross flow arrangement as illustrated in Figure 13 : with the same catalyst. The 
feedstock for this example contained a higher initial content of sulfur (1 .1% wt). The total hydrogen rate for this example 
was fixed, and three runs were made varying the total reactor length so as to vary the total catalyst volume and evaluate 
three different space velocities. The feedstock had a composition as set forth in Table 12 below. 

20 

TABLE 12 



API gravity 


27 


Sulfur 


1.1 wt% 


Aromatics 


31 .9 wt% 


Distillation ASTM D2887 (%V, °F) 


(IBP.351)/(5 : 408)/(10,439)/(20,482)/ (30 l 514)/(40,538)/(50,561)/(70,613)/ 
(80,642)/(90,675)/(95,700)/(FBP,750) 



[0109] The fixed parameters for this example are set forth in Table 13 below. 

TABLE 13 



Temperature (inlet) 


650 °F 


Pressure 


515 psia 


Diameter of each reactor 


9.85 ft 


Total hydrogen flow rate 


27,890 SCFM (=2000 kmol/h) (=1147 scfb) 


Feedstock rate 


35 : 000 b/d 



40 

[0110] The resulting space values and reactor lengths and catalyst volumes are shown in Table 14 below. 



TABLE 14 



LHSV (fr 1 ) 


Total reactor length (ft) 


Total catalyst volume (ft 3 ) 


1.0 


107.6 


8190 


1.5 


71.9 


5467 


2.0 


53.8 


4679 



[01111 For eacn velocity, different distributions of hydrogen and catalyst were performed so as to evaluate the best 
reduction in sulfur content in the final product. The results are set forth in Table 15 below. 



55 
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TABLE 15 



LEISV (M) 


S in product 
(wppm) 


H 2 to R1 (%) 


H 2 to R2 (=H 2 to 
R3) (%) 


Catalyst in R1 (%) 


Catalyst in R2 
(=catalyst in R3) 
(%) 


1.0 


2.2 


65.22 


17.39 


36.29 


31.85 


1.5 


41.1 


60.07 


19.97 


35.21 


32.40 


2.0 


147.9 


58.05 


20.98 


34.08 


32.96 



[0112] Figure 18 shows the results in terms of sulfur content in the final product as a function of space velocity, and 
Table 19 below sets forth a comparison of these results to results obtained utilizing a conventional single-reactor 
scheme wherein the reactor had the same total volume, contained the same total amount and type of catalyst, and 
15 was fed with the same total flow rate of gas. 



TABLE 16 



LHSV (rr 1 ) 


S in product (ppm) Crossflow 


S in product (ppm) "conventional" 


1.0 


2.2 


157 . 


1.5 


41.1 


472 


2.0 


147.9 


884 



25 [01 1 3] As shown, the cross flow process of the present invention provided substantially improved results at the same 
space velocity as compared to conventional single-reactor processes. The process of the present invention could 
advantageously be used, as shown, to provide dramatically reduced sulfur content (2.2 ppm) in the final product at the 
same 1 .0 LHSV, or could be used to double the space velocity and provide the same final sulfur content as provided 
using conventional reactors. Either operation represents a substantial improvement obtained using the cross flow proc- 

3Q ess in accordance with the present invention. 

[0114] In accordance with the foregoing, it should be readily apparent that the process and system of the present 
invention provide for substantial improvement in hydrodesulfurization processes which can be utilized to reduce sulfur 
content in hydrocarbon feeds with reactor volume substantially the same as conventional ones, or to substantially 
increase reactor capacity from the same reactor volume at substantially the same sulfurcontent as can be accomplished 

35 utilizing conventional processes. 

[0115] It is to be understood that the invention is not limited to the illustrations described and shown herein, which 
arc doomed to be merely illustrative of the best modes of carrying out the invention, and which are susceptible of 
modification of form, size, arrangement of parts and details of operation. The invention rather is intended to encompass 
all such modifications which are within its spirit and scope as defined by the claims. 



Claims 

1 . A process for hydroprocessing a hydrocarbon feed with a known flow rate of hydrogen-containing gas and a volume 
of catalyst, comprising the steps of: 

providing a hydrocarbon feed having an initial characteristic; 

feeding said hydrocarbon feed and a first portion of said hydrogen-containing gas cocurrently to a first hydro- 
processing zone containing a first portion of said catalyst so as to provide a first hydrocarbon product; 
providing an additional hydroprocessing zone containing a remainder of said catalyst; 
feeding said first hydrocarbon product cocurrently with a remainder of said hydrogen-containing gas to said 
additional hydroprocessing zone so as to provide a final hydrocarbon product having a final characteristic 
which is improved as compared to said initial characteristic, wherein said first portion of said hydrogen-con- 
taining gas is between about 30 and about 80 % vol. of said known flow rate of said hydrogen-containing gas, 
and said first portion of said catalyst is between about 30 and about 70 % wt. of said volume of catalyst. 

2. The process according to claim 1 , wherein said initial characteristic is an initial sulfur content and said final char- 
acteristic is a final sulfur content which is less than said initial sulfur content. 
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3. The process according to claim 1 or 2, wherein said final sulfur content is less than or equal to about 50 wppm 
based upon weight of said final product. 

4. The process according to claim 2 or 3, wherein said final sulfur content is less than or equal to about 1 0 wppm. 

5 

5. The process according to one of claiml 1 to 4, wherein said first hydroprocessing zone is a first hydrodesulf urization 
zone. 

6. The process according to claim 5, wherein said additional hydroprocessing zone comprises an additional hydrodes- 
10 ulfurization zone. 

7. The process according to claim 6, wherein said first hydrodesulfurization zone and said additional hydrodesulfuri- 
zation zone each produce a gas phase containing hydrogen sulfide, hydrogen and volatile hydrocarbon fractions 
and further comprising feeding said gas phase to a low temperature separator for separating a liquid phase con- 

'5 taining said volatile hydrocarbon fractions and a gas phase containing said hydrogen sulfide and hydrogen, and 

combining said volatile hydrocarbon fractions with said hydrocarbon feed. 

8. The process according to one of claims 1 to 7, wherein said catalyst comprises a hydroprocessing catalyst. 
20 9. The process according to one of claims 1 to 8, wherein said hydrocarbon feed is a Diesel feed. 

10. The process according to one of claims 1 to 8, wherein said hydrocarbon feed is a gasoil feed. 

11. The process according to one of claims 1 to 8, wherein said hydrocarbon feed is a mixture of naphtha and diesel 
25 feed. 

12. The process according to one of claims 1 to 8, wherein said hydrocarbon feed is a mixture of diesel and gasoil feed. 

13. The process according to one of claims 1 to 8, wherein said hydrocarbon feed is a naphtha feed, and further 
30 comprising feeding a product of said first hydroprocessing zone and said additional hydroprocessing zone to a 

condenser for providing liquid phase naphtha and gas phase hydrogen and hydrogen sulfide. 

14. The process according to claim 1, wherein said additional hydroprocessing zone comprises a plurality of hydro- 
processing zones, and wherein said remainder of said catalyst and said remainder of said hydrogen-containing 

35 gas are distributed between said plurality of hydroprocessing zones. 

15. The process according to claim 14, wherein said plurality of hydroprocessing zones are connected serially to 
sequentially receive said first hydrocarbon product cocurrently with a portion of said remainder of said hydrogen- 
containing gas. 

40 

16. A system for hydroprocessing a hydrocarbon feed with a known flow rate of hydrogen-containing gas and a volume 
of hydroprocessing catalyst, comprising: 

a first hydroprocessing zone containing a first portion of said hydroprocessing catalyst and having an inlet for 
cocurrently receiving a hydrocarbon feed and a first portion of said known flow rate of hydrogen-containing gas; and 
an additional hydroprocessing zone containing a remainder of said hydroprocessing catalyst and having an 
inlet for cocurrently receiving a hydrocarbon product from said first hydroprocessing zone and a remainder of said 
known flow rale of said hydrogen-containing gas wherein said first portion of said hydroprocessing catalyst is 
between about 30 and about 70 % wt. of said volume of said hydroprocessing catalyst. 

50 17. The system of claim 16, wherein said first hydroprocessing zone is a hydrodesulfurization zone containing a hy- 
drodesulfurization catalyst. 

18. The system of claims 16 or 17, wherein said additional hydroprocessing zones comprise at least one additional 
hydrodesulfurization zone containing a hydrodesulfurization catalyst. 
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